Puberty is driven by sophisticated neuroendocrine networks that timely activate the brain centers governing the reproductive axis. The timing of puberty is genetically determined; yet, puberty is also sensitive to numerous internal and external cues, among which metabolic/nutritional signals are especially prominent. Compelling epidemiological evidence suggests that alterations of the age of puberty are becoming more frequent; the underlying mechanisms remain largely unknown, but the escalating prevalence of obesity and other metabolic/feeding disorders is possibly a major contributing factor. This phenomenon may have clinical implications, since alterations in pubertal timing have been associated to adverse health outcomes, including higher risk of earlier all-cause mortality. This urges for a better understanding of the neurohormonal basis of normal puberty and its deviations. Compelling evidence has recently documented the master role of hypothalamic neurons producing kisspeptins, encoded by Kiss1, in the neuroendocrine pathways controlling puberty. Kiss1 neurons seemingly participate in transmitting the regulatory actions of metabolic cues on pubertal maturation. Key cellular metabolic sensors, as the mammalian target of rapamycin (mTOR), AMP-activated protein kinase (AMPK) and the fuel-sensing deacetylase, SIRT1, have been recently shown to participate also in the metabolic modulation of puberty. Recently, we have documented that AMPK and SIRT1 operate as major molecular effectors for the metabolic control of Kiss1 neurons and, thereby, puberty onset. Alterations of these molecular pathways may contribute to the perturbation of pubertal timing linked to conditions of metabolic stress in humans, such as subnutrition or obesity and might become druggable targets for better management of pubertal disorders.
of the gonadal axis (Avendano et al. 2017) . This is the result of the sequential awakening of the different elements of the so-called hypothalamic-pituitary-gonadal (HPG) axis. The major hierarchical element of this neurohormonal axis is the decapeptide, gonadotropin-releasing hormone (GnRH), which is produced by a discrete population of neurons in the basal forebrain, whose neurosecretory activity becomes fully activated at the time of puberty. GnRH is released in a pulsatile manner into the hypothalamic-pituitary portal vasculature, to reach the anterior pituitary, where it elicits the synthesis and secretion of both gonadotropins, LH and FSH. In turn, gonadotropins act on specific cell types of the gonads, promoting their trophic maturation, the production of gametes and the release of sex steroids and peptides (TenaSempere & Huhtaniemi 2003) .
The dynamic functioning of the HPG axis is primarily controlled by auto-regulatory feedback loops, whereby gonadal hormones operate at the upper levels of the axis to modulate, via negative and positive loops (the latter, only operative in females), the functioning of this system (Herbison 2016) . In adulthood, the negative feedback of sex steroids is a major contributor for the tonic control of gonadotropin secretion in both sexes, while the positive feedback actions of estrogens and progestogens, specifically in females, are essential drivers of the preovulatory surge of gonadotropins, mandatory for ovulation. Of note, the dynamic interplay between the hormonal components of the HPG axis experiences substantial modifications during prenatal and postnatal development (Tena-Sempere & Huhtaniemi 2003) , with important changes in the sensitivity to the feedback effects of gonadal steroids being detected during (although probably not being causative of) the pubertal transition.
While activation of GnRH neurons is a wellrecognized key event in pubertal activation, the mechanisms whereby this activation is achieved remain partially unfolded. Despite evidence for intrinsic oscillatory activity of GnRH neurons, the capacity of this relatively scarce neuronal population, which is scattered in the preoptic hypothalamic area, to coordinately release GnRH in discrete pulses seemingly relies on the activity of a network of afferents that form the so-called GnRH pulse generator (Knobil 1980) . This system integrates diverse excitatory and inhibitory inputs, from neural and non-neural sources (Maeda et al. 2010 , Ojeda et al. 2010 , Pinilla et al. 2012 , Prevot et al. 2018 , which are able to shape the pulsatile secretion of GnRH and adjust this secretory pattern to different physiological (or eventually, pathological) scenarios.
The nature and major components of such pulse generators have been the subject of active investigation; yet, full disclosure of the elements involved is still pending. The heightening of the neuro-secretory activity of GnRH neurons, which is observed during the onset of puberty (Lomniczi & Ojeda 2016) , is thought to be the result of a switch in the balance between excitatory and inhibitory inputs within and/or projecting to the GnRH pulse generator. In fact, it is assumed that the concurrent increase in excitatory inputs and decrease of inhibitory signals projecting to GnRH neurons is mandatory for their full pubertal activation (Lomniczi et al. 2015) . In this context, compelling experimental evidence has identified a number of stimulatory signals, from glutamate to kisspeptins, capable to potently stimulate GnRH neurons during puberty, therefore suggesting a dominant role of excitatory inputs in driving puberty onset (Avendano et al. 2017) . Nonetheless, recent molecular data have also pointed out the importance of the timely eviction of inhibitory signals, such as makorin-3 or specific epigenetic marks, to allow the complete activation of these pubertydriving systems (Lomniczi & Ojeda 2016 , Avendano et al. 2017 . All in all, the current view is that, rather than the result of a specific or unique trigger, puberty onset is driven by the dynamic interplay of a number of stimulatory and inhibitory factors, ultimately impinging on the GnRH pulse generator, which is capable to precisely transmit the modulatory influence of multiple pubertal regulators, including metabolic signals.
The fundamental roles of kisspeptins in timing puberty onset in mammals
Among the numerous central transmitters involved in pubertal control, kisspeptins, a family of peptides encoded by the Kiss1 gene, have been recognized in recent years as fundamental gatekeepers of puberty onset (Pinilla et al. 2012) . Seminal findings in late 2003 conclusively documented that genetic inactivation of Gpr54, the canonical receptor for kisspeptins, causes lack of pubertal maturation and hypogonadotropic hypogonadism both in humans and mice (de Roux et al. 2003 , Seminara et al. 2003 ; findings that were later confirmed also for Kiss1 inactivation (d'Anglemont de Tassigny et al. 2007 , Topaloglu et al. 2012 . While a detailed recapitulation of the major features of kisspeptins as master regulators of the reproductive axis exceeds the scope of this review and can be found elsewhere (Pinilla et al. 2012 , Manfredi-Lozano et al. 2018 , it is important to stress that compelling genetic and pharmacological evidence attests the relevance of the Kiss1 system not only in early maturational events (e.g., brain sexual differentiation), essential for proper functioning of the reproductive axis later in life, but also in the activational phenomena leading to the onset of puberty. This is epitomized by data from experimental studies manipulating hypothalamic kisspeptin signaling in a timed manner during postnatal/pubertal maturation, which documented that blockade of kisspeptin receptors with specific antagonists delayed puberty onset in female rats (Pineda et al. 2010) and blocked GnRH secretion in pre/peripubertal female monkeys (Guerriero et al. 2012) , while acute or chronic administration of kisspeptins, via different routes, not only stimulated gonadotropin release via GnRH-dependent mechanisms (Avendano et al. 2017) , but was also sufficient to induce different phenotypic marks of puberty in female rats (Navarro et al. 2004b) .
Interestingly, the Kiss1 system undergoes substantial developmental changes during the pubertal transition, which are characterized by a significantly elevation of both Kiss1 mRNA expression and kisspeptin content at the hypothalamus (Navarro et al. 2004a , Shahab et al. 2005 , together with an increase in the number of kisspeptinexpressing neurons, as well as their projections to GnRH neurons (Clarkson & Herbison 2006 , Bentsen et al. 2010 . In addition, during puberty, the sensitivity to the releasing actions of kisspeptins on GnRH/LH secretion increases; a phenomenon that is coupled to some resistance to desensitization to continuous kisspeptin stimulation, at least in rodents (Castellano et al. 2006 , Roa et al. 2008 . All these features set a state of maximal activation of kisspeptin signaling in the brain centers governing the reproductive axis during the pubertal transition.
Two major populations of Kiss1 neurons have been described in the hypothalamus; a feature that has been well documented in rodents but also reported in other mammalian species. Notably, these two sets of neurons are differentially regulated, display a sexually different distribution and are thought to play different roles in the control of key aspects of HPG axis (Pinilla et al. 2012) . The most prominent of these two Kiss1 neuronal populations is located in arcuate nucleus (ARC) or infundibular region in humans; this set of Kiss1 neurons has been implicated in negative feedback control and the pulsatile secretion of gonadotropins in both sexes. The second Kiss1 population is sited in the rostral hypothalamic area, specifically at the anteroventral periventricular nucleus (AVPV) in rodents, or the preoptic area (POA) in non-rodents; this neuronal population is present mainly in females, it being especially abundant in rodents and is responsible for the positive feedback control and the preovulatory surge of gonadotropins (Pinilla et al. 2012) .
The ARC and AVPV populations of Kiss1 neurons not only respond differently to sex steroid and control different aspects (pulsatile vs surge mode) of the secretion of gonadotropins. In addition, they also have a differential neuropeptide landscape, with different co-transmitters being expressed in the two neuronal sets. This is especially well-defined in ARC Kiss1 neurons, which, unlike AVPV neurons, are known to produce neurokinin B (NKB), a prominent member of the tachykinin family, and Dynorphin (Dyn), along with their functional receptors. Actually, because of the co-expression of Kiss1, NKB and Dyn, this ARC population was named KNDy neurons (Lehman et al. 2010) . Admittedly, the specific roles of such co-transmitters in the control of puberty are not completely understood. Yet, various studies, conducted mostly in rodents, have suggested a role of NKB and Dyn in the modulation of pubertal timing (Gill et al. 2012 , likely due to their capacity to precise and reciprocally modulate kisspeptin release (Navarro et al. 2009 ). In line with this putative function, inactivating mutations of the genes encoding NKB or its receptor (NK3R) are associated to the absence of puberty in humans (Topaloglu et al. 2009 ), whereas blockade of Dyn signaling, by administration of an antagonist of its receptor (kappa-opioid receptor, KOR), leads to the advancement of puberty (Nakahara et al. 2013) . Thus, while NKB is considered to stimulate Kiss1 neurons, and therefore, GnRH/gonadotropin secretion, Dyn opposes to such effect (Navarro 2013) . All in all, ARC Kiss1 neurons appear to be equipped with a basic oscillatory set, in which NKB and Dyn stimulate or inhibit, respectively, kisspeptin output to GnRH neurons, as a major component for the full activation of GnRH neurosecretory activity during puberty and its dynamic regulation later in life. In this function, other tachykinins, such as Substance P/NK1R, appear to cooperate with ARC kisspeptin signaling in the precise timing of puberty (Simavli et al. 2015) . Notably, ARC Kiss1 neurons appear to directly or indirectly sense and integrate multiple inputs, including nutritional, metabolic and environmental cues, to precisely regulate GnRH function and thereby the timing of puberty (Avendano et al. 2017 , Manfredi-Lozano et al. 2018 .
The roles of the rostral population of Kiss1 neurons in the control of puberty onset have been also investigated, although its physiological relevance may vary according to the species. In any event, AVPV Kiss1 neurons increase in number and projections to GnRH neurons during the pubertal transition in mice (Clarkson & Herbison 2006) , and partial suppression of kisspeptin at this hypothalamic site caused a delay on phenotypic marks of puberty onset in female rats (Adekunbi et al. 2017) . Whether AVPV Kiss1 neurons have a role in transmitting the modulatory effects of nutritional/metabolic cues on pubertal timing is yet to be defined. On the other hand, a third population of Kiss1 neurons has been described in the amygdala in rodents. The function of this set of Kiss1 neurons remains largely unknown (Pineda et al. 2017) , but has been the subject of active investigation recently. Thus, amygdala Kiss1 expression is negligible in juvenile mice, but increases substantially during the late pubertal period, coinciding with (and being probably driven by) the rise of circulating sex steroids (Stephens et al. 2016) . The physiological role of such activation of Kiss1 expression in the amygdala during late puberty is unknown. However, it has been reported that blockade of kisspeptin signaling in the postero-dorsal medial amygdala (MePD) of female rats, by selective infusion of a specific antagonist during the juvenile period, delayed puberty onset (Adekunbi et al. 2017) . Interestingly, this set of MePD Kiss1 neurons is sensitive to metabolic cues, so that maternal obesity increased Kiss1 expression at the MePD in prepubertal male and female rats, but decreased it in adulthood. In addition, chemo-genetic (DREADD-mediated) activation of MePD Kiss1 neurons have been recently reported to increase gonadotropin secretion in adult mice, while NKB signaling in the MePD also stimulates LH secretion, albeit in a Kiss1-independent manner . Altogether, these data suggest that kisspeptin signaling at or steaming from the amygdala may have a role in the control of puberty and the gonadotropic axis, although its relative importance (vs ARC and AVPV neurons) and eventual roles in conveying the regulatory actions of metabolic and nutritional signals on pubertal timing are yet to be clarified.
Metabolic control of puberty in mammals: key hormonal and neuropeptide pathways
Among its numerous modulators, metabolic and nutritional cues are fundamental modifiers of the timing of puberty. Reproduction is an energy-consuming process, especially in females, and therefore, acquisition and maintenance of reproductive capacity are tightly bound to the state of body energy reserves. Accordingly, conditions of persistent deregulation of energy and metabolic homeostasis are correlated with alterations in puberty onset. Thus, while chronic energy deficiency (e.g. in malnutrition or anorexia) is associated with delayed puberty, excess of body energy stores (e.g. in obesity) is commonly been linked to earlier onset of puberty (Hill & Elias 2018 , Manfredi-Lozano et al. 2018 . Moreover, in physiological conditions, a minimum of body fat mass needs to be achieved in order to attain the reproductive capacity. While the level of fat reserves required to undergo puberty displays considerable interindividual variability, this concept laid the foundations of the classical critical fat mass hypothesis (Frisch & Revelle 1970) , formulated in 1960s and 70s by Frisch and coworkers, which set the scene for the identification of the actual factors responsible for such a tight coupling between body energy/metabolic status and puberty onset.
The precise pathways whereby metabolic information is transmitted to the brain centers governing the reproductive axis are not completely disclosed, but certainly involve numerous peripheral and central signals. Among the metabolic cues affecting puberty onset, leptin is a paradigmatic example, which plays a fundamental role as physiological link between fat stores and pubertal timing (Ahima et al. 2000 , Castellano & Tena-Sempere 2016 . The physiological features of leptin, including its role as major reproductive modulator, have been extensively revised elsewhere (Ahima et al. 2000 , Louis & Myers 2007 , Castellano & Tena-Sempere 2016 , Hill & Elias 2018 . For the purpose of this review, it is important to stress that, as adipokine being secreted in proportion of the body fat stores, leptin operates as pleotropic neuroendocrine integrator, linking the state of body energy reserves to numerous body functions, including not only weight homeostasis but also puberty and fertility. Indeed, conditions of leptin signaling deficiency in humans and experimental animals are associated to delay or absence of puberty and compromised fertility (Farooqi & O'Rahilly 2014 , Vazquez et al. 2015 . Despite the initial evidence suggesting a role of leptin as potential trigger of puberty, the current notion is that leptin plays a fundamental role as a permissive signal for puberty to occur, as illustrated by the fact that leptin replacement in leptin-deficient humans and rodents rescues pubertal development, without markedly advancing it, while leptin administration is capable to restore the onset of puberty in food-restricted rodents (Manfredi-Lozano et al. 2018) . Likewise, leptin treatment to women with hypothalamic amenorrhea, due to low weight or strenuous exercise, was sufficient to re-awake the functioning of the reproductive axis, with recovery of menstrual cycles or preovulatory follicular maturation (Welt et al. 2004) . Hence, in keeping with the critical fat mass hypothesis, a minimum level of leptin appears to be necessary to complete full pubertal maturation or for regaining reproductive competence in conditions of metabolic stress.
Considerable attention has been paid to unveil the mechanism whereby leptin modulates puberty onset and the functioning of the HPG axis. Compelling evidence suggests that leptin-mediated actions are conducted by different sets of neurons, mainly at the hypothalamic level, capable to integrate metabolic and nutritional signals, and to transmit them onto GnRH neurons. Indeed, despite their pivotal position as major output pathway of the reproductive brain, GnRH neurons seem to lack functional leptin receptors, as documented in rodents and primates (Finn et al. 1998 , Quennell et al. 2009 ), suggesting the implication of intermediate pathways for mediating leptin effects. Accordingly, different neuropeptides and hypothalamic circuits have been suggested to convey leptin actions onto GnRH neurons (Elias 2012 , ManfrediLozano et al. 2018 .
Given their fundamental role in the control of different facets of reproductive function, Kiss1 neurons have been extensively investigated as putative pathway transmitting metabolic information, and particularly leptin actions, to GnRH neurons. Conclusive evidence has documented that the Kiss1 system is highly sensitive to changes in metabolic and nutritional cues, as well as to alterations in leptin levels or signaling, suggesting that the state of body energy reserves and leptin levels influence the reproductive axis, at least partially, via modulation of Kiss1 neurons (Navarro & Tena-Sempere 2011) . Thus, conditions of metabolic distress known to perturb puberty and/or gonadotropin secretion, such as chronic undernutrition or early-onset overfeeding, have a profound influence on the hypothalamic expression of Kiss1/kisspeptin. For instance, conditions of food deprivation and leptin deficiency are associated to decreased levels of hypothalamic Kiss1 expression or kisspeptin content in various species (Castellano & Tena-Sempere 2016) , whereas exogenous administration of kisspeptin is able to normalize the onset of puberty or to rescue the functionality of the HPG axis in those conditions (Castellano et al. 2005) . Of note, excess of adiposity appear to have a biphasic impact on the Kiss1 system: while overfeeding during postnatal/peripubertal period causes an increase of hypothalamic Kiss1 expression and advances puberty onset, persistent energy excess and obesity in adulthood is associated to suppression of Kiss1 expression and reproductive dysfunction in rodents (Castellano et al. 2011 , Quennell et al. 2011 , SanchezGarrido et al. 2014 .
While the different populations of Kiss1 neurons (ARC, AVPV and MePD) have been shown to be sensitive to metabolic cues, Kiss1 neurons in the ARC appear to have a more prominent role in the metabolic control of the HPG axis and puberty onset. Initial studies demonstrated that a subset of ARC Kiss1 neurons express leptin receptors, in rodents and sheep , Backholer et al. 2010 , whereas ARC Kiss1 neurons are activated by leptin via transient receptor potential cation (TRPC) channels in guinea pigs (Qiu et al. 2011) . In addition, reduced or null leptin levels have been associated with the inhibition of Kiss1 expression, mainly in the ARC, whereas leptin administration increased the hypothalamic expression of Kiss1 gene in different models of severe metabolic stress, such as leptin-deficient mice or diabetic rats, as well as in neuronal cell lines (Manfredi-Lozano et al. 2018) . Notably, while postnatal overfeeding, causing earlier puberty onset, resulted in higher levels of leptin, hypothalamic Kiss1 expression and numbers of kisspeptin fibers, in pubertal female rats, postnatal underfeeding, which is associated to delayed vaginal opening, resulted in lower in leptin and Kiss1 mRNA levels, together with a decrease in the number of kisspeptin-positive neurons in the ARC (Castellano et al. 2011) . Altogether, these findings suggest a tight interplay between leptin and Kiss1 neurons, preferentially (albeit not exclusively) in the ARC, for the metabolic regulation of puberty.
Notwithstanding the above experimental evidence, some studies have provided evidence for the lack of direct effects of leptin on Kiss1 neurons, therefore suggesting an indirect (or even independent) mode of action. Thus, congenital elimination of leptin receptors from Kiss1 neurons was compatible with normal pubertal maturation and reproductive capacity in female mice (Donato et al. 2011b ); yet, the possibility of some degree of developmental compensation cannot be ruled out in this model. In addition, neuroanatomical studies in rodents and sheep, mapping functional leptin receptors in different brain areas, failed to detect significant amounts of leptin receptors in GnRH or Kiss1 neurons (Cravo et al. 2011 , Louis et al. 2011 , with the exception of a modest subset of Kiss1 cells in the ARC (Louis et al. 2011 ). Yet, other studies have indicated that leptin receptors arise in Kiss1 neurons after puberty, suggesting a role for leptin in the direct control of Kiss1 neurons only after pubertal maturation (Cravo et al. 2013) . In any event, the fact that most of the studies addressing the roles of leptin actions on the Kiss1 system have been conducted at periods other than puberty hampers extrapolation of these findings to the particular roles of leptin in the pubertal modulation of Kiss1 neurons. Nonetheless, identification of leptin receptor-expressing cells in the close vicinity of ARC and AVPV Kiss1 neurons further attests that leptin actions on Kiss1 neurons may be predominantly indirect.
In this context, compelling evidence has documented that the ventral premammilary nucleus (PMV) of the hypothalamus is a relevant site for leptin actions in the modulation of the reproductive axis. Indeed, part of PMV cells expresses leptin receptors and projects to GnRH and Kiss1 neuron (Donato et al. 2011b) . Activation of leptin signaling in the PMV is sufficient to restore pubertal development and fertility in leptin-deficient mice (Donato et al. 2011a,b) , whereas specific lesions of the PMV caused alterations of Kiss1 neurons and delayed puberty (Donato et al. 2013) . The nature of these PVM neurons relying on leptin actions remains enigmatic, but recent reports suggest that they may include a set of PACAP neurons, which project to ARC and AVPV Kiss1 neurons and whose deletion caused delayed puberty and perturbed reproductive function in female mice (Ross et al. 2018) . In addition, other populations of leptin-responsive neurons outside the PVN, such as GABAergic or NO-producing neurons, the latter sited in the POA, have been shown to contribute in mediating the actions of leptin on puberty onset and the HPG axis, via modulation of Kiss1 neurons (Bellefontaine et al. 2014 , Martin et al. 2014 .
Finally, very recent genetic and functional genomic studies have revealed a major role of semaphorin 3 (SEMA3) signaling in the development of the hypothalamic melanocortin circuits controlling energy homeostasis, whose disruption leads to obesity (van der Klaauw et al. 2019) . Notably, SEMA3 ligands and receptors had been previously linked not only to the development of the GnRH system, as reflected by the fact that mice and humans with mutations in SEMA3 genes suffer defective GnRH neuronal migration, impuberism and central hypogonadism (Hanchate et al. 2012 , Marcos et al. 2017 , but also to the dynamic regulation of GnRH release by sex steroids (Giacobini et al. 2014) . Hence, the potential interplay between SEMA3 signaling, the melanocortin pathway and GnRH neurons in the metabolic control of puberty warrants specific investigation. In addition, since melanocortin signaling and Kiss1 neurons have been shown to interplay for the regulation of puberty (ManfrediLozano et al. 2016) , a putative role of kisspeptins in such a novel circuitry cannot be discarded. In the same vein, whether miRNA regulatory pathways, with relevant roles in the development of feeding-controlling circuits in the ARC (Croizier et al. 2018 ) and the functional maturation of GnRH neurons (Messina et al. 2016) , may participate in the metabolic control of puberty is currently being investigated in our laboratory.
Cellular energy sensors and the metabolic control of puberty: roles of mTOR and AMPK
In an attempt to disclose the molecular mechanisms whereby nutritional and metabolic cues modulate puberty onset, experimental studies from our group have recently addressed the putative roles of cellular energy sensors, such as the mammalian (or mechanistic) target of rapamycin (mTOR) and the AMP-activated protein kinase (AMPK), in the central control of the HPG axis and Kiss1 neurons. These analyses were fueled by previous studies highlighting the function of mTOR and AMPK in specific hypothalamic populations in the control of whole-body energy homeostasis, by modulating food intake and/or thermogenesis (Cota et al. 2006 , Roa & Tena-Sempere 2010 , Lopez et al. 2016 . In addition to these critical functions, the data reviewed in this section illustrate a relevant role of these two energy sensors as mediators for the metabolic control of puberty, acting at central levels to modulate key elements of the reproductive brain, such as Kiss1 neurons.
Our studies in this area were initially focused on mTOR. This is an evolutionarily conserved serine/ threonine protein kinase that acts as a cellular sensor of energy status and growth signals, thereby participating in the control of key cell functions, as cell proliferation, growth and metabolism. Contrary to AMPK, mTOR is activated in situations of energy excess to promote anabolic pathways, the inter-relationship between AMPK and mTOR being fundamental in the control of numerous cellular activities (Roa & Tena-Sempere 2010 , Lopez et al. 2016 . At the hypothalamic level, the mTOR signaling pathway is thought to transmit and integrate information concerning nutrient availability (mainly, amino acids) and the hormonal milieu (such as ghrelin and leptin effects), and hence, is essential for maintenance of energy balance at the whole body level (Martins et al. 2012) .
In this context, studies carried out in our group demonstrated that hypothalamic mTOR plays an important role in the metabolic control of puberty, mediating at least part of the permissive effects of leptin on pubertal onset (Roa et al. 2009 ). Thus, chronic central blockade of mTOR in peripubertal female rats, by repeated intracerebral injection of rapamycin, delayed pubertal maturation, as evidenced by lower circulating levels of LH and estradiol, decreased ovarian and uterus weights and deferred vaginal opening, as external sign of puberty onset. In addition, persistent inhibition of mTOR at central levels prevented also the permissive effects of leptin in terms of rescue of puberty onset in a model of leptin deficiency due to chronic subnutrition. On the other hand, central activation of mTOR, by intracerebral administration of l-leucine, partially recovered the low gonadotropin levels caused by subnutrition. The mechanisms through which modulation of mTOR is affecting puberty seemingly involve the regulation of Kiss1 neurons, as mTOR inactivation significantly suppressed Kiss1 expression, mainly in the ARC, without affecting LH responsiveness to exogenous kisspeptin (Roa et al. 2009 ); the latter suggests that the downstream targets of kisspeptins remained operative despite mTOR blockade. Overall, these observations convincingly suggest the existence of a leptin-mTOR-kisspeptin pathway that plays a key role in the metabolic control of puberty (Roa & TenaSempere 2010 ). Yet, the neuroanatomical components of such a circuitry remain unfolded and might involve an indirect modulation of Kiss1 expression by mTOR, acting within intermediary neuronal pathways. This is suggested by the fact that pS6, a fundamental downstream target of mTOR, is apparently not expressed in Kiss1 neurons (Quennell et al. 2011) .
More recent studies from our team have unveiled also a key role of AMPK in the metabolic regulation of puberty. AMPK, the major energy sensor at the cellular level, is a serine/threonine kinase with a catalytic α subunit, of which two isoforms, α1 and α2, exist. AMPK is activated in conditions of energy depletion to generate ATP and, therefore, re-establish the AMP:ATP ratio. As a result of such activation, catabolic (ATP-generating) pathways are increased, whereas anabolic (ATP-consuming) routes are inhibited (Canto et al. 2009) . At the hypothalamic level, AMPK has been implicated in whole-body energy homeostasis mainly through the regulation of food intake and energy expenditure (Hardie et al. 2012 , Lopez et al. 2016 , acting as an integrative pathway to convey the modulatory actions on energy homeostasis of multiple hormonal regulators. As example, in specific hypothalamic nuclei, such as the ARC, AMPK is activated by the main orexigenic hormone (i.e. ghrelin), whereas is inhibited by leptin, as the most relevant anorectic factor (Martins et al. 2012) . In addition, modulation of AMPK activity in the ventromedial hypothalamus (VMH) by a large array of regulators, from estrogens to thyroid hormones, plays a fundamental role in the central control of thermogenesis by the brown adipose tissue (Lopez et al. 2016 ).
In addition to its fundamental role in energy homeostasis, AMPK is also involved in a broad spectrum of metabolic and physiological processes, ranging from glucose/lipid metabolism to neuroendocrine control and oncogenesis (Hardie et al. 2012 , Lopez et al. 2016 . In this context, a putative function of hypothalamic AMPK in the metabolic control of reproduction in adulthood was initially suggested; as molecular sensor of conditions of energy distress, AMPK was proposed to remit nutritional and metabolic information to the reproductive brain (Roland & Moenter 2011) . These studies indirectly pointed also to a potential role of AMPK in the modulation of the Kiss1 system. Thus, hormonal or pharmacological activation of AMPK suppressed Kiss1 expression and GnRH secretion in the immortalized GnRH cell line, GT1-7 (Coyral-Castel et al. 2008 , Wen et al. 2012 , while central administration of an AMPK activator inhibited Kiss1 expression and disrupted estrous cyclicity in adult rodents (Coyral-Castel et al. 2008 , Wen et al. 2012 ). Yet, the eventual role of AMPK signaling in Kiss1 neurons in the metabolic control of puberty was not initially explored.
In this context, recent studies from our group have thoroughly documented a novel neuroendocrine circuit linking conditions of negative energy balance and pubertal timing via the AMPK-Kiss1 pathway . Thus, chronic peripubertal subnutrition, which was associated to the expected delay in the age of vaginal opening, caused a significantly increase of hypothalamic p-AMPK levels in female rats. In turn, AMPK gain-of-function experiments, involving either central administration of the AMPK activator, AICAR or the ARC-specific virogenetic overexpression of a constitutively active form of AMPK (AMPK-CA), caused variable degrees of pubertal delay. Notably, the delay of puberty onset caused by AMPK activation was associated with a significant suppression of Kiss1 expression in the ARC, where kisspeptin and p-AMPK were found to be co-expressed in a subset of ARC Kiss1 neurons, therefore suggesting a direct link between AMPK signaling and Kiss1 in the ARC as pathway for mediating the modulatory effects of conditions of negative energy balance on puberty onset. This contention was further supported by functional genomic studies involving conditional ablation of α1AMPK in Kiss1 cells. These mice, named KAMKO (for Kiss1-specific AMPK knockout), failed to display major alterations in pubertal timing in conditions of feeding ad libitum, but were partially protected against the delay in pubertal maturation caused by chronic undernutrition. Altogether, these studies illustrate the fundamental role of hypothalamic AMPK signaling in the metabolic control of puberty, acting via repressive modulation of ARC Kiss1 neurons in conditions of negative energy balance .
Admittedly, the potential function of AMPK in the metabolic control of puberty and the reproductive axis might involve also actions at cell types, other than Kiss1 neurons, with relevant roles in the HPG axis. For instance, AMPK signaling in GnRH neurons has been linked to the impact of glucoprivation on the gonadotropic system (Roland & Moenter 2011) . In addition, non-neuronal actions of AMPK might be involved as well, since malnutrition-induced AMPK activation at ependymocytes of the lower brainstem contributes also to suppression of GnRH/LH secretion in conditions of negative energy balance (Minabe et al. 2015) . It must be noted, however, that the above studies were conducted in adulthood, and hence, extrapolation to potential puberty-regulatory mechanisms must be done with caution and requires experimental validation. In any event, a potential role of AMPK signaling in GnRH neurons in the precise control of puberty onset is suggested by our on-going functional genomic studies showing that female mice engineered to congenitally lack α1AMPK in GnRH cells display earlier vaginal opening but deferred first ovulation (M J Vazquez, I Velasco and M Tena-Sempere, unpublished observations).
Linking puberty and longevity? Emerging roles of Sirtuin-1 in the metabolic control of puberty
In addition to AMPK and mTOR, sirtuins have emerged in the last decades as pleiotropic metabolic modulators. The sirtuin family is composed in mammals by seven members (SIRT1-7), of which SIRT1 is the most thoroughly studied and best characterized . SIRT1, the mammalian ortholog of Sir2 in C. elegans, is a ubiquitously expressed (NAD + )-dependent class III deacetylase involved in a plethora of key functions including modulation of longevity and wealth-span, epigenetic regulation and metabolic homeostasis , Giblin et al. 2014 . SIRT1 acts as a genuine cellular energy sensor, as its deacetylase activity is dependent on the metabolic cofactor, NAD + , and related intermediates (NADH and nicotinamide), it being activated in conditions of energy deficit, such as caloric restriction and nutrient deprivation, which cause increased NAD + /NADH ratios , Chang & Guarente 2014 . Among its known targets, histones are subjected to deacetylation by SIRT1, as key component of the epigenetic machinery.
In vivo studies, carried out in adult mice, have documented the expression of Sirt1 in different hypothalamic nuclei involved in neuro-vegetative control, such as the ARC, where its levels are modulated by nutrient availability, they being modestly increased after fasting (Ramadori et al. 2008) . In addition, global, moderate overexpression of Sirt1 in mice revealed a protective role of SIRT1 against metabolic damage induced by chronic exposure to high-fat diet. Accordingly, SIRT1 has been proposed as a key modulator of body energy and metabolic homeostasis, although its predominant site of action (whether peripheral or central) remains partially unfolded. In any event, physiological and genetic studies involving brain activation or overexpression of this sirtuin strongly suggest a relevant role of central SIRT1 in the control of aging and as mediator of the beneficial effects of caloric restriction on lifespan in mice.
A potential role of SIRT1 in reproductive physiology was initially suspected based on the defective reproductive phenotype observed in Sirt1-null mice (McBurney et al. 2003) . Since then, an as yet limited number of SIRT1 gain-and loss-of-function approaches have provided evidence of the putative involvement of this sirtuin in different aspects of reproduction, with a major focus on its participation in the control of gonadal physiology (Tatone et al. 2018) . In this context, SIRT1 has been linked to the control of ovarian reserve and oocyte growth and maturation; the latter in cooperation with other sirtuins. In addition, SIRT1 has been found to modulate granulosa cells in the ovary, as well as spermatogenesis in the testis. As a consequence of these physiological roles, changes in SIRT1 activity have been involved and/or proposed as a therapeutic target for reproductive pathologies, such as endometriosis or polycystic ovary syndrome (Tatone et al. 2018) . Regarding potential central actions of SIRT1 in the control of the reproductive axis, mice with congenital Sirt1 deficiency displayed central hypogonadism due to defective GnRH neuronal migration to the hypothalamus (Kolthur-Seetharam et al. 2009 , Di Sante et al. 2015 . Notwithstanding the above, whether central SIRT1 is implicated in the metabolic control of reproduction or may act as a linker between energy availability and the reproductive brain to modulate timing of puberty had not yet been addressed until recently.
In this context, in close collaboration with the Ojeda/ Lomniczi group, we have recently provided compelling evidence for a novel key epigenetic mechanism, involving SIRT1/Kiss1 signaling at the hypothalamus, by which nutritional cues modulate Kiss1 neurons in the ARC, affecting the precise timing of female puberty in rodents . Our findings demonstrated that the hypothalamic content of SIRT1 declines during postnatal/pubertal maturation, which is coincident with the well-characterized increase of Kiss1 expression during this developmental period. In addition, by using suitable preclinical models of pubertal alteration due to nutritional/metabolic manipulations, our data have shown that hypothalamic SIRT1 content is modulated by the nutritional status, as suggested by previous data in adult mice (Ramadori et al. 2008) and is negatively correlated to Kiss1 expression. Thus, in a rat model of precocious puberty induced by early-onset obesity (Sanchez-Garrido et al. 2013) , we have documented a reduction in the hypothalamic levels of SIRT1 and a concomitant increase of Kiss1 expression, whereas a model of chronic peripubertal undernutrition, which delayed puberty onset, presented an elevation of SIRT1 protein and reduced expression of Kiss1 at the hypothalamic level. This inverse relationship between SIRT1 and Kiss1 was mainly observed in ARC Kiss1 neurons, where SIRT1 is expressed in an energy-dependent fashion: SIRT1 content decreased in ARC Kiss1 neurons of obese rats, whereas it increased in Kiss1 neurons of the ARC of undernourished rats.
This inhibitory influence of central SIRT1 on Kiss1 transcription was corroborated by functional manipulation of SIRT1 levels/activity, using three different approaches: (i) pharmacological activation of central SIRT1 (by central infusion of the Sirt1 Activator, SA3); (ii) a transgenic model of moderate Sirt1-overexpression (SIRT1-Tg) and (iii) virogenetic ARC-specific overexpression of Sirt1 (AAV-SIRT1) after stereotaxic delivery. In these studies, the increase of SIRT1 activity, as evidenced by decreased levels of acetylation marks of its target, Histone3 (H3K9/14ac), was associated to inverse changes of Kiss1 expression in vivo and, therefore, to the expected delay of pubertal timing, in terms of deferred vaginal opening and first ovulation and decreased LH levels ). In addition, by a combination of in vitro and in vivo studies, we have also disclosed the molecular underpinnings of the repressive actions of SIRT1 on Kiss1; our data identify SIRT1 as a fundamental epigenetic element to link nutritional status and pubertal timing acting mainly by regulation of Kiss1 transcription in the ARC. Thus, at a prepubertal stage, SIRT1 recruits the repressor, EED, a member of Polycomb group, to the Kiss1 promoter where, by inducing a repressive histone landscape, Kiss1 transcription is inhibited and pubertal progression is halted. In contrast, during pubertal activation, SIRT1 is timely evicted from the Kiss1 promoter to change the chromatin configuration, with an increase of the abundance of activating histone modifications (namely, H3K9ac and H4K16ac) and a reduction of the repressive histone marks (as H3K4me3), which result in enhanced Kiss1 transcription, as mandatory for puberty to occur. More relevant, conditions of energy excess, such as earlyonset obesity, accelerate these changes, whereas chronic energy deficit induces puberty delay by a protracted SIRT1-mediated repression of Kiss1 expression ).
Translational implications: mechanisms for perturbed puberty in obesity and malnutrition
Deciphering the basic mechanisms for the control of puberty and its modulation by nutritional and metabolic cues poses not only physiological interest but also important translational implications. Epidemiological studies have surfaced worrying trends of changes in the timing of puberty in different countries. Such changes involve mainly an advancement of the age of puberty onset, that has been more consistently reported in girls, with earlier entry in thelarche or Tanner stage B2 of breast maturation, but that have been also documented by some series in pubertal boys (Aksglaede et al. 2009a ,b, HermanGiddens et al. 2012 , De Leonibus et al. 2014 . Apart from their putative impact on the reproductive axis itself, changes in the age of puberty, not only advancement but also delay or absence, have been described to have a deleterious influence on different body functions, including somatic growth and psychological maturation, and, in fact, perturbed pubertal timing has been associated to diverse negative health outcomes, which include different types of cancer as well as higher risks of cardiometabolic (including hypertension and type-2 diabetes), gynecological-obstetric, cognitive, gastrointestinal and musculoskeletal disorders (Day et al. 2015) , resulting in an overall reduction of the total life expectancy (Lakshman et al. 2009 ). All these epidemiological features urge for a better understanding of the basis of normal puberty and the pathophysiological mechanisms underlying its perturbations.
While the causes for higher incidence of earlier (or delayed) puberty remain unfolded, their rapid instauration (over one generation) argues in favor a major role of environmental cues, among which nutritional habits, and their corresponding endogenous metabolic and hormonal signals, appear to play a very relevant role. In fact, the escalating trends for changes in the age of puberty during the last two decades grossly coincide with the increasing frequency of metabolic disorders in childhood, of which early-onset obesity is the most common one, with an ever-growing prevalence that has been linked to earlier puberty onset. Nonetheless, feeding problems involving conditions of negative energy balance, such as anorexia nervosa, are also common among adolescents, therefore defining a wide range of conditions in which deranged metabolic signals may have a notable impact on pubertal maturation.
Our recent preclinical work on the role of metabolic and energy sensors may help to shed some light into the ultimate mechanisms whereby extreme conditions of body weight, from early-onset subnutrition to obesity, affect the neuroendocrine systems governing puberty onset. A schematic for the putative mode of action of these energy/metabolic sensing systems in conditions of persistent energy deficit or excess is depicted in Fig. 1 . Thus, conditions of persistent negative energy balance linked to malnutrition, which are known to lower circulating leptin levels, would inhibit hypothalamic Kiss1/kisspeptin expression, as major mechanism for the suppression/ delay of puberty onset, by the reciprocal alteration of the
Figure 1
Contribution of the energy/metabolic sensors, mTOR, AMPK and SIRT1, to the central control of puberty and its alterations in conditions of energy excess or deficiency. A model is presented, based on preclinical (rodent) studies, on the putative function of mTOR and AMPK, as reciprocal activator and inhibitor of ARC Kiss1 neurons (also named KNDy due to the co-expression of NKB and Dynorphin). The balance of the mTOR/AMPK tandem is driven by the state of energy reserves: in conditions of energy sufficiency or excess, activation of mTOR predominates, whereas in situations of energy deficiency, AMPK becomes activated while mTOR is inhibited. The latter conditions (AMPK activation/mTOR inhibition) lead to suppressed Kiss1 and delayed puberty. In addition, changes in SIRT1 content/activity in ARC Kiss1 neurons participate also in the metabolic/nutritional control of Kiss1 transcription. In conditions of energy excess, SIRT1 is partially evicted, together with the repressor, EED, from the Kiss1 promoter (denoted by smaller symbol), which allows enhancement of Kiss1 expression. Conversely, in conditions of energy insufficiency, the Kiss1/EED duo remains at high levels at the Kiss1 promoter, locking a repressive configuration of the chromatin landscape that suppresses Kiss1 expression. Changes in Kiss1 expression/activity translate into changes in the kisspeptin output onto the terminals of GnRH neurons, whose release of GnRH into the portal circuit controls pituitary gonadotropin (in the scheme, LH) secretion, as major driving force for gonadal maturation and puberty onset. For further details, see 'Cellular energy sensors and the metabolic control of puberty: roles of mTOR and AMPK' and 'Linking puberty and longevity? Emerging roles of Sirtuin-1 in the metabolic control of puberty' sections. mTOR/AMPK system, causing an inhibition of mTOR and the activation of AMPK signaling, the latter presumably in ARC Kiss1 neurons. Such a switch in the mTOR/AMPK balance would be prone to suppression of Kiss1 expression and, thereby, may contribute to defer pubertal timing in conditions of energy deficit. In addition, the protracted repressive action at the Kiss1 promoter of SIRT1, whose levels are enhanced in ARC Kiss1 neurons in conditions of subnutrition, would lock the chromatin landscape of this promoter into a repressive configuration, reminiscent of that seen in prepubertal stages, therefore adding to the inhibitory influence of the changes in mTOR and AMPK activity indicated above. Identification of such a novel molecular hub for pubertal repression, dominated by AMPK and SIRT1, may have implications also for the management of pubertal disorders involving advanced puberty, in which deferring puberty onset is a desired outcome. In fact, previous therapies with compounds able to activate AMPK, such as metformin (Foretz et al. 2014) , have been shown to delay menarche in girls with higher risk of precocious puberty (Ibanez et al. 2011) . Therefore, AMPK (and SIRT1) signaling in Kiss1 neurons in the ARC might be considered a tenable target to defer puberty onset in conditions of risk of precocity, as child obesity.
On the other hand, the central mechanisms whereby early-onset obesity, which causes an elevation of circulating leptin levels, may advance pubertal maturation are likely to involve changes in SIRT1 activity mainly in ARC Kiss1 neurons, in which SIRT1 content decreases in preclinical models of overweight. Thus, the premature eviction of SIRT1 from the Kiss1 promoter in this neuronal population would contribute to an earlier change in the epigenetic landscape in this promoter toward a more permissive configuration, allowing an advance in the increase of Kiss1 expression that occurs during puberty. Such a heightening in Kiss1 would drive an earlier activation of GnRH neurosecretion and, thereby, puberty onset. Admittedly, the contribution of SIRT1 to modulate the tempo of puberty might involve also the epigenetic regulation of Kiss1-related transmitters, such as NKB, albeit the participation of SIRT1 in the control of NKB expression by nutritional cues appears to be modest. Likewise, we cannot exclude the potential contribution of changes in the mTOR/AMPK tandem in the pathogenesis of altered puberty linked to obesity; for example, based on our preclinical data, a heightening of central mTOR signaling driven by elevated leptin levels would favor an earlier puberty onset in conditions of overweight. However, the actual role of these cellular energy sensors in obesity-induced pubertal alterations is yet to be defined.
Conclusions
Puberty is a fascinating developmental phenomenon with long-term consequences, not only on reproductive function, but also on a wide range of body systems, from growth and metabolic control to psychological maturation. Accordingly, perturbations in the age of puberty can be considered as a putative risk factor for a number of pathologies later in life; a feature that urges for a better comprehension of the physiological basis of puberty and the pathophysiological mechanisms of its alterations. Given the prominent influence of nutritional cues and metabolic signals on the control of puberty, both in normal and pathological conditions, complete unraveling of the precise pathways and molecular mechanisms whereby body energy status and metabolic homeostasis (or its lack of) influence puberty appears mandatory not only science-wise but also medicinewise, as such knowledge should set the grounds for better understanding and management of a substantial fraction of pubertal disorders in the near future.
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